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In unfolded proteins, peptide bonds involving Pro residues

exist in equilibrium between the minor cis and major trans
conformations. Folded proteins predominantly contain trans-
Pro bonds, and slow cis–trans Pro isomerization in the unfold-
ed state is often found to be a rate-limiting step in protein
folding. Moreover, kinases and phosphatases that act upon
Ser/Thr@Pro motifs exhibit preferential recognition of either
the cis- or trans-Pro conformer. Here, NMR spectra obtained at

both atmospheric and high pressures indicate that the popula-

tion of cis-Pro falls well below previous estimates, an effect
attributed to the use of short peptides with charged termini in

most prior model studies. For the intrinsically disordered pro-
tein a-synuclein, cis-Pro populations at all of its five X@Pro

bonds are less than 5 %, with only modest ionic strength
dependence and no detectable effect of the previously dem-

onstrated interaction between the N- and C-terminal halves of

the protein. Comparison to small peptides with the same
amino-acid sequence indicates that peptides, particularly those

with unblocked, oppositely charged amino and carboxyl end
groups, strongly overestimate the amount of cis-Pro.

Within proteins, the vast majority (>99.5 %) of peptide bonds

not involving proline exist in the trans conformation, in which

the dihedral angle (w) is 1808. The lowly populated cis confor-
mer requires 1808 rotation about the planar CO(i@1)@N(i) pep-

tide bond (w= 08), but such a rotation induces steric clash be-
tween the Ca(i@1) and Ca(i) atoms. This creates a free-energy

difference between the trans and cis conformations of approxi-
mately 2–6 kcal mol@1 in non-Pro peptide bonds, and a high
energy barrier to rotation of the partial double bond (&20 kcal

mol@1) overwhelmingly favors the trans state.[1–3] However, in
peptide bonds between any amino acid (X) and proline (X@
Pro), the trans and cis conformers have a substantially lower
energy difference owing to the cyclic nature of the proline

side chain. Thus, cis-peptidyl-prolyl (cis-Pro) conformations in
unfolded polypeptide chains are populated to significantly

higher levels, with values that range from 5 to 80 % in model

peptides,[4–13] depending on the precise amino-acid composi-
tion, with virtually no detectable dependence on tempera-

ture.[11, 14] In folded proteins, local interactions around X@Pro
bonds typically induce 100 % population of either the cis or

trans conformation.[15–17]

cis-Pro bonds and their slow isomerization to the trans state,

approximately 10@3 to 10@2 s@1 at room temperature, depend-
ing on the types of adjacent residues,[12] can be the rate-limit-
ing step in protein folding,[2] as most non-native cis-Pro bonds

in the unfolded protein require isomerization to the native
trans conformations for folding to proceed. Indeed, a class of

molecular chaperones has evolved to catalyze cis–trans proline
isomerization in nascent polypeptides,[18] and in vitro refolding

studies have demonstrated that such peptidyl-prolyl isomeras-

es, including the ribosome-localized trigger factor,[19] enhance
the rate of protein folding.[20]

The human proteome contains 6.3 % proline residues,[21] and
intrinsically disordered proteins (IDPs) generally contain pri-

mary sequences that are enriched in proline by nearly a factor
of two over folded proteins.[22] Biologically relevant post-trans-

lational modifications occur at numerous Ser/Thr@Pro motifs,

and some kinases and phosphatases specifically recognize
either the cis- or trans-Pro conformation.[23] Moreover, in chemi-

cally denatured proteins used for in vitro folding studies,
native trans-Pro bonds will isomerize to the cis state upon

denaturation and equilibration. For proteins with multiple Pro
residues, knowledge of the fraction of cis-Pro at each X@Pro

bond is critical for the resultant analysis of refolding, which

typically contains multiple phases. However, the quantification
of cis-Pro propensity in intact, denatured proteins has re-

mained limited,[8, 14, 24] with most studies instead opting to
quantify cis-Pro populations in small, model peptides.[4–7, 9–13]

Despite the often low abundance of cis-Pro conformers,
NMR spectroscopy is well suited to characterize these states,
as cis–trans Pro isomerization is in the slow exchange regime

on the NMR timescale. Therefore, separate resonances for the
minor cis states are observable. Multidimensional NMR spec-
troscopy provides a spectroscopic probe at every backbone
amide moiety, which thereby enables the accurate, quantita-

tive analysis of cis-Pro populations from multiple residues af-
fected by the same Pro, as well as the structural impact of this

isomerization. Herein, we employed two- and three-dimension-

al solution-state NMR spectroscopy to quantify accurately the
fractions of cis-Pro at 15 different X@Pro bonds in three unfold-

ed proteins, an IDP (i.e. , a-synuclein) and two pressure-dena-
tured proteins (i.e. , a-crystallin domain of HSP27 (cHSP27) and

ubiquitin V17A/V26A). Comparison of these fractions to those
measured for small peptides of identical sequence reveal that

peptides tend to overestimate the fraction of cis-Pro, in partic-

ular if the peptides contain oppositely charged N-terminal
amino and C-terminal carboxyl groups. The relatively uniform

impact of cis-Pro on the chemical shifts of nearby residues will
facilitate identification of cis-Pro conformers in future NMR

spectroscopy studies of IDPs and intrinsically disordered re-
gions (IDRs) of proteins.
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IDPs typically yield a single set of intense crosspeaks in the
two-dimensional (2D) 1H,15N HSQC spectrum. The HSQC spec-

trum of a-synuclein (aS) exemplifies such behavior, but weak
signals from alternate conformers are observable at low con-

tour levels (Figure 1; Figure S1 in the Supporting Information).

There are five Pro residues in the acidic C-terminal region of

aS, and the minor signals corresponding to cis-Pro bonds clus-
ter near resonances of residues that are close in sequence to

Pro. To assign the chemical shifts from the cis-Pro conformers
in aS, triple-resonance NMR spectra were acquired on a

0.9 mm [U-13C,15N]-labeled sample. High signal-to-noise ratios
in these spectra afforded unambiguous assignment of the resi-
dues in the vicinity of all cis-Pro conformers (P108, P117, P120,

P128, P138), despite the low population of these states (3–
4.5 %; i.e. , 27–40 mm effective sample concentration).

In the cis-Pro state, the i@1 residue with respect to Pro
shows significant upfield changes in chemical shifts for 1HN

(&Dd = 0.2–0.4 ppm) and 15N (&Dd= 2–4 ppm), with a smaller

and usually upfield shift for 13Ca (Figure S2). The small, down-
field shift of E137 13Ca, in close proximity to the C terminus, is

an exception to this rule. Another diagnostic chemical shift
change in the cis state is seen for the i@2 13C’ resonance,

which exhibits a substantial upfield change (&Dd = 0.4–
1 ppm) that is similar in sign and magnitude to the 13C’ chemi-

cal shift change of the isomerizing Pro. Residues in the i + 1
and i + 2 positions show downfield 1HN chemical shift changes

in the cis state (up to Dd = 0.2 ppm) but variable 15N chemical
shift differences. The chemical shift differences typically

become vanishingly small for residues in the i:4 positions
and beyond.

Using the intensities of the resonances impacted by the cis
and trans states, the cis-Pro population was calculated as [cis]/

([cis] + [trans]). In aS, the fraction of cis-Pro ranged from 3 to

4.5 %, which is significantly lower than the values generally re-
ported in the literature (e.g. , 10–20 %).[13] The fraction of cis-Pro
was highly consistent among the various impacted residues
near a given Pro, and the signal-to-noise ratio for each cis-Pro-

impacted crosspeak was close to approximately 80:1; this indi-
cated the high precision of these measurements.

To compare the cis-Pro values in aS to values of cis-Pro in

small peptides of identical sequence, natural abundance NMR
spectra were acquired for a set of tetrapeptides (Ac-XXPX-NH2)

that were N-terminally acetylated and C-terminally amidated.
All of the blocked, tetrapeptides, except that corresponding to

P120, displayed a significantly higher population of cis-Pro
than full-length aS (Figure 2); this indicated that longer range

interactions, presumably steric clashing or repulsive electrostat-
ic interactions of the chains, were unfavorable to the formation
of the cis state at P108, P117, P128, and P138. The highly nega-

tively charged nature of the carboxy-terminal tail of aS (net
charge of @14 for the last 40 residues) is expected to enhance
the electrostatic contribution. Indeed, at very high ionic
strength (1.1 m NaCl), increased cis fractions were observed, al-
though the fractions remained below those of the blocked tet-
rapeptides (Figure 2).

High fractions of cis-Pro were previously reported for pep-
tides with an aromatic residue in the i@1 position;[25] however,
these peptides were mostly studied with unblocked, charged

terminal residues. For example, a high cis fraction was previ-
ously reported for the Phe-Pro-Ala tripeptide.[7] However,

charge neutralization by N-terminal acetylation and C-terminal
amidation reduced the cis-Pro fraction by more than one-fifth

Figure 1. Identification of cis-Pro bonds in aS. A) 2D 1H,15N HSQC of 0.9 mm
13C,15N-aS at pH 6, 288 K. Resonances impacted by the cis/trans state of
nearby Pro residues are colored (P108, red; P117, P120, orange; P128, green;
P138, blue). B)–E) Zoomed-in regions corresponding to the boxed areas
from (A) are shown at a lower contour level. The major trans and minor cis-
Pro peaks are indicated with their assignments. See Figure S1 for the full,
low-contour spectrum.

Figure 2. Fractions of cis-Pro bonds in aS and comparison to oligopeptides.
All samples were at pH 6, 288 K. The fraction of cis-Pro is shown for each
Pro residue in aS (red), with error bars representing one standard deviation
from the mean. Upon the addition of 1160 mm NaCl, the fraction of cis-Pro
increases (gray) ; this is indicative of decreased electrostatic repulsion in the
acidic C-terminal region of aS. Blocked, tetrapeptides (blue), in general, con-
tain elevated levels of cis-Pro, whereas hexa- (teal) and octapeptides (cyan)
approach the values seen in full-length aS.
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(Figure S3). Analogously, the addition of 1.1 m NaCl to the un-
blocked peptide decreased cis-Pro by nearly the same fraction

(Figure S3). In the tripeptide Met-Pro-Ser, corresponding to
M127-P128-S129 in aS, we observed even larger reductions in

the cis fraction upon the addition of blocking groups at the
termini or 1.1 m NaCl, which decreased the cis-Pro fraction by

about a third or a quarter, respectively (Figure S3). Similar re-
sults were obtained for the peptide Ala-Pro-Gln, corresponding

to A107-P108-Q109 in aS, which displayed fractional changes

in the cis content of 43 and 17 % upon terminal blockage and
the addition of 1.1 m NaCl (Figure S3). Therefore, electrostatic

attraction between oppositely charged termini enhances the
cis-Pro fraction in oligopeptides.

As P128 showed the largest discrepancy between values ob-
tained for full-length aS and its corresponding blocked tetra-
peptide, the impact of longer range interactions on cis-Pro was

assessed by comparing the fraction of cis-Pro at P128 as a
function of peptide length. Upon increasing the length of the

peptide from four to six to eight residues (Figure 2), a progres-

sive decrease in the fraction of cis-Pro was observed. However,
even though the blocked octapeptide exhibited a cis-Pro frac-

tion that approached that of full-length aS, the remaining sig-
nificant difference of 1.5 % must have resulted from weak inter-

actions that extended beyond the :4 residue range.
We therefore also evaluated the impact on cis-Pro formation

in full-length aS from potential interdomain contacts. Previous
NMR spectroscopy measurements indicated that the opposite-

ly charged N- and C-terminal regions of aS transiently contact

each other,[26, 27] an effect held responsible for the compaction
of the radius of hydration of this molecule relative to that of a
fully random coil,[28] and decreased amyloidogenicity relative to
that of sequences that lacked the C-terminal tail.[29] Moreover,

the N and C termini have been observed to make transient
intermolecular contacts.[30] Depending on the nature of such

contacts, they could either restrict or favor cis-Pro formation.

However, a construct comprising residues 87–140 of aS[31]

showed no detectable differences in the populations of cis-Pro

between the full-length and truncated proteins (Figure 3); this

Figure 3. The isolated C-terminal region of aS retains its native cis-Pro fractions. A) Depiction of aS and its three regions: the amphipathic N-terminal region
(NTR), the hydrophobic non-amyloid-b-containing (NAC) region, and the acidic C-terminal region (CTR). The isolated CTR (bottom) contains an S87C mutation.
B) 2D 1H,15N HSQC spectra of full-length aS (red) and the isolated CTR (black). Buffer conditions were as in Figure 1, except that 5 mm 2-mercaptoethanol
(BME) was added to the isolated CTR to prevent disulfide formation. The peak indicated with an asterisk arises from an impurity. C) Quantification of the cis-
Pro fractions in both full-length aS and its isolated CTR. D) Zoomed-in region from panel B showing resonances affected by cis-Pro. E) Combined and weight-
ed HN and 15N chemical-shift perturbations (CSPs) between full-length aS and its isolated CTR.
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